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ABSTRACT

Wepresentcurrentandpossiblyfuturetechniquesfor spatiallymultiplexedheterodynereceivers.Thepresen-
tationcomprisesvariouswaysof multiplexingLO power, densearrangementof mixerelementsin acryogenic
focalplane,manufacturingtechniquesof integratedopticsunitsfor reductionof opticaladjustmenteffort, and
describesanautomatedprocedurefor tuninga largenumberof mixerelementsin shorttime.

INTR ODUCTION

Millimeter andsubmillimeterobservationsgenerallyrequireappropriateweatherconditions,mainly a very
low watervaporcontentwhich occursat a very cold atmospheresuchthat the absolutehumidity is low, at
certainepochswhentheevaporationfrom thegroundis low or athighaltitudeswheretheabsoluteairmassis
low. Sincethefar–IR–andSubmm–absorbingwatervaporcontentis oneof themostvariablequantitiesof our
atmospherein spaceandin time, all of theseoccasionsof goodobservingweatheraretransientphenomena
resultingin limited timewindowsfor aparticularsite.To improvetheefficiency of groundbasedor airborne
telescopeobservingtimeit is conceivableto performmultipleobservationsatthesametime,requiringarrayed
receiversin thefocalplaneof telescopes.

In orderto design,build andusearrayreceiversfor millimeterandsubmillimeterradiationwepresentcurrent
techniquesfor variousaspectsof thereceiversystem:In Sectionwereview waysto distributelocaloscillator
(LO) power to themixers,Section coversanintegratedfocal planepopulationconceptthatfacilitateseasy–
to–useconceptswith respectto manufacturing,assemblyandoperation. In Section the integratedoptics
designapproachis discussedwith similar premisesasfor the focal planes.Finally Section describesour
approachat KOSMA for anautomatedtuningalgorithmfor mixerelements.

LOCAL OSCILLA TOR MUL TIPLEXERS

Variouswaysexist for multiplexing local oscillatorpower to a numberof mixersin a focal planesimultane-
ously. Currentlyimplementeddesignsarereviewedbriefly in thefollowing. Main designconstraintscommon
to all localoscillatormultiplexing techniquesis thepowerdistribution efficiency. Goalis to distributepower
to thedesirednumberof beamswithoutmuchloss:In beamsplitterslossesshow upmainly in absorptionand
reflectionof a few percentdueto finite refractionindices,in gratingslostpower is scatteredawaystatistically
or appearsin higherunwantedorders.

Beamsplitter

Traditionallytheuseof beamsplittersfor localoscillatormultiplexing is especiallyattractivefor smallarrays.
As demonstratedby PoleSTAR1 (2 � 2 810GHzarray)thetotalefficiency of the2 � 2 beamsplittercanreach
upto 72%.For smallarraysas2 � 2 theefficiency of reflectiveFouriergratingsis comparableto thatof beam
splitters(seealsodiscussionin Section).

Wave guidecouplers

Operatinglargearraysat lower frequency allowssupplyof LO powerby waveguidecouplersdirectly to the
mixersin the focal plane. This approachhasbeenimplementedby the 230 GHz arrayreceiver HERA2 at
IRAM. At higherfrequencieswaveguidestructuresbecomeeversmallerandthusmoredifficult to manufac-
turewith sufficientsurfaceaccuracy, increasinglossessubstantially. An approachto overcometheselossesis
to supplythefocal planewith low frequency LO powerandmultiply it immediatelyat thefocal planemixer
elements.3
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Dammann gratings – Multile vel phasegratings

Dammanngratings4 arebinaryphasegratingswhich introduceaphaseshift of 0 or λ
�
2 throughoutthewhole

gratingsurface.Multilevelphasegratingsoffer moreflexibility for multiplexingLO powerinto severalbeams
sincemoredegreesof freedomareavailable.Dependingon frequency, materialandgeometricalconstraints
within the instruments,steplevel gratingscanbe layedout astransmissive or reflective gratings.CHAMP
of theMax–Planck–Institutefor Radioastronomy(MPIfR) makesuseof transmissivemultilevel gratings5 to
split theLO sourceinto 8 beams.

Thesegratingsareusuallymanufacturedusingconventionalmilling techniques.Gratingsfor 2D–dispersion
requirea chessboardlike designwith someof the facets(e.g. the white ones)recessed.Direct milling of
theirsharpconcavecornersis impossiblethoughwith afinite sizeendmill. In practiceoftentwo 1D–grating
elementswhich crosseddispersiondirectionsareemployed.

Fourier gratings

Figure 1: For STAR6: Grating structure of the unit
cell (left) and themeasured2–4–2diffractionpattern
(right).

Increasingthe numberof levels in multilevel grat-
ingseventuallyconvergesintoagratingwith smooth
structure,a Fourier grating.6 The effort of cal-
culating the grating patternbecomessmall7 if the
Fourier–transformformalismis appliedandthesur-
facestructureis approximatedby a finite numberof
Fourier components. Resultingsmoothstructures
can be usedin off–axis configurationandare eas-
ily machinedon a numericallycontrolledmill with
a sphericalendmill.

As mixer developmentadvancesto ever higherfre-
quencies,LO powerbecomesscarceandgratingef-
ficiency becomesan issue.Above that focal planes
will be populatedtwo–dimensionallywith mixers
which impliessplitting of LO power in both focal planedimensions.Thereforetheapproachfor LO power
multiplexing involvesseveraldesignconstraintsthatarediscussedin thefollowing:

Figure 2: SMART’s collimating
Fourier grating for 810 (left) and
490GHz(right).

To maximizethe efficiency multilevel phasegratingsor Fourier grat-
ingsin reflectionarerequired.Sincethereis no way of usinga reflec-
tion gratingin normalincidence8 without applicationof a beamsplit-
ter, the gratinghasto be designedin off–axis geometry. Shadowing
of multilevel gratingsin off–axisgeometryandmachineabilityissues
naturallyfavor Fouriergratings.

Sinceour integratedopticsapproachintendsto manufactureasmany
componentsaspossiblein onemachiningcycle to reducecomplexity,
onemightaswell combineaFouriergratingstructureandacollimating
parabola9 (seeFig. 2).

The efficiency of multiplexing LO power into an arrayof LO beams
scaleswith thenumberof degreesof freedomfor shifting thephaseof

the radiation. The degreesof freedomthoughdependon the numberof beamsto split into. Thereforeat
largerbeamnumberstheefficiency of Fouriergratingsexceedstheonefor steplevel gratings.Measurements
show6,9 thatefficiencies� 90%canbeachieved.

POPULATING FOCAL PLANES

Sinceheterodynedetectionsystemsarenot backgroundlimited they do not Nyquist–samplefocal planes.
Instead,precautionsaretaken to focusthe radiationof a point sourceentirely into onemixer to minimize
integrationtime. Thegoalis to maximizetheoverlapintegralof thetwo radiationpatternsin thefocalplane:
Theoneof thetelescopeopticsandtheoneof themixerhorn. Also to reducelosseswe lay out theopticsas
purelyreflective.
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Figure 3: Focal plane design of
SMART

Theaccuratearrangementof mixerelementsin a focal planeis crucial
for the alignmentof the submmbeamson the sky. The mixer horns
haveto bealignedwith respectto boththeopticalaxisandthefocusof
thesystem.To avoid adjustmenteffort for a largernumberof elements
we have madeuseof our CNC machiningcapabilitiesandmilled the
whole focal planeunit from onepiece. Figure3 shows the unit with
all the referenceplanes. The actualfocal planeis sampledby facet
mirrors that aremilled into a facetmirror block. The brightly drawn
blockscapturethemixerhornsin high–precisionmachinedbores,and
theseblocksaremountedagainstreferenceplanesonthefacettemirror
block.

Another integrated mixer concept is proposedby Walker et al..10

There,corrugatedfeedhornstructuresarereadilyarrayedetchedin sil-
icon andthe beammatchingis achievedby a lensletarrayin front of
thehorns.

OPTICS

Commonsetupscomprisea stiff benchwherethe optical elementsarebolteddown. Eachof the elements
thenhasto beadjustedwith translationor tip/tilt stagesfor correctopticalalignment.

KOSMA/SMART receiver - 492 GHz - 810 GHz

Figure 4: Focal plane map of
SMART at 810 GHz (solid) and
490 GHz (grey). Shownare con-
tours from5 to 95 % in 10%incre-
ments.

At KOSMA we developeda way to manufacturethe analogonto the
optical benchasmirror–symmetricplateswith referencesurfacesdi-
rectly milled onto it. The achievableaccuracy is � 2µm andis gov-
ernedby theaccuracy of repeatedlyaccessinga certaincoordinateon
our CNC milling machine. In the caseof SMART11 the optical ele-
mentsaresandwichedbetweentheseplatesandneednofurtheradjust-
ment. The resultof this designeffort is that assemblyandmounting
at the telescoperequireshardlymoreeffort thanthatof a singlepixel
receiver. Figure4 shows the goodalignmentof the beamson thesky
for thetwo frequenciesfor SMART.

AUTOMATIC TUNING OF MIXERS

Tuning a millimeter or submillimeterheterodynemixer elementre-
quiresseveral parametersto be ascertainedandset,dependingon the mixer type: biasvoltage,LO power
andfrequency, magneticfield (for SISmixers),andtheintermediatefrequency (IF) attenuatorsetting.

Figure 5: Instrumentrackof
SMART

For array receivers the hardware electronicslike bias– and magnetpower
supply, IF processor, backends (acousto–opticalspectrometersor auto–
correlators),scalelinearly with the numberof focal planeelementsasdoes
thetuningeffort for themixers.

However, employing a computercontrollablesystemfor addressingthecon-
trol circuits of the parametersmakes tuning life much easierand fast. At
KOSMA, we have put considerableeffort into streamliningandautomating
thetuningof mixerelements.12

The computercan measuresystemcharacteristicslike I/V– and conversion
curvesandthensetsthe tuningparametersto theoptimumvalues.For some
parameters(e.g. biasvoltage)look–uptablesaresufficient to setthe values.
In the caseof the magneticfield however, the optimumvaluehasto be de-
terminedfrom the actualmeasurements,usinga specialalgorithm (Fig. 6).
In a coarse–tuneroutine it evaluatesthe I/V–curve andfinds the minima in
Josephsoncurrentacrossthe mixer junction. The positionsof theseminima
arenot reproducibledueto hystereticbehavior of thejunctions.After storing
thepositionsof theseminimaafine–tunealgorithmlooksfor well suitedlocal
minimain theconversioncurveandappliestheparametersfound.
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Figure 6: Algorithm for automatictuning of mixer ele-
ments

The systemcan also be tunedmanually, if de-
sired,to keepa certainparameterfixed. For reli-
ability issuesmanualandcomputerinput just in-
crementor decrementan internalcounterwhich
stores the parametersetting locally. A two-
channeloscilloscopedisplaysthe selectedI/V–
andconversioncurvesimultaneously.

Since September2001 the SMART receiver
is operational at KOSMA’s 3m–telescopeon
Gornergrat,Switzerland.
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